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Nelfinavir mesylate (Viracept, formally AG1343) is a potent and orally bioavailable human immunodefi-
ciency virus (HIV) type 1 (HIV-1) protease inhibitor (Ki 5 2 nM) and is being widely prescribed in combination
with HIV reverse transcriptase inhibitors for the treatment of HIV infection. The current studies evaluated the
presence of metabolites circulating in plasma following the oral administration of nelfinavir to healthy
volunteers and HIV-infected patients, as well as the levels in plasma and antiviral activities of these metab-
olites. The results showed that the parent drug was the major circulating chemical species, followed in
decreasing abundance by its hydroxy-t-butylamide metabolite (M8) and 3*-methoxy-4*-hydroxynelfinavir (M1).
Antiviral assays with HIV-1 strain RF-infected CEM-SS cells showed that the 50% effective concentrations
(EC50) of nelfinavir, M8, and M1 were 30, 34, and 151 nM, respectively, and that the corresponding EC50
against another HIV-1 strain, IIIB, in MT-2 cells were 60, 86, and 653 nM. Therefore, apparently similar in
vitro antiviral activities were demonstrated for nelfinavir and M8, whereas an approximately 5- to 11-fold-lower
level of antiviral activity was observed for M1. The active metabolite, M8, showed a degree of binding to human
plasma proteins similar to that of nelfinavir (ca. 98%). Concentrations in plasma of nelfinavir and its
metabolites in 10 HIV-positive patients receiving nelfinavir therapy (750 mg three times per day) were
determined by a liquid chromatography tandem mass spectrometry assay. At steady state (day 28), the mean
plasma nelfinavir concentrations ranged from 1.73 to 4.96 mM and the M8 concentrations ranged from 0.55 to
1.96 mM, whereas the M1 concentrations were low and ranged from 0.09 to 0.19 mM. In conclusion, the findings
from the current studies suggest that, in humans, nelfinavir forms an active metabolite circulating at appre-
ciable levels in plasma. The active metabolite M8 may account for some of the antiviral activity associated with
nelfinavir in the treatment of HIV disease.

The therapeutic treatment of human immunodeficiency vi-
rus (HIV) infection had begun to show dramatic improvements
since the introduction of HIV protease inhibitors (5, 6, 8, 11).
In controlled clinical trials, the triple-drug combination ther-
apy consisting of two HIV reverse transcriptase (RT) inhibitors
and a protease inhibitor significantly reduced the plasma HIV
RNA levels to below the detection limit of 50 to 500 copies/ml
in a high percentage of patients in a sustained manner (6, 11,
24) and helped to recover CD41 cell counts in some patients
(8, 20, 24). This strategy, which simultaneously targets two
critical viral enzymes—the RT at the early stage of viral re-
production and the protease vital for the maturation of infec-
tious virus—has proven to be a powerful weapon in combating
HIV infection (19).

Nelfinavir mesylate {Viracept; [3S-(3R*, 4aR*, 8aR*, 29S*,
39S*)]-2-(29-hydroxy-39-phenylthiomethyl-49-aza-59-oxo-59-(20-
methyl-30-hydroxy-phenyl)-decahydroisoquinoline-3-N-t-butyl-
carboxamide methanesulfonic acid} is a potent and orally
available HIV protease inhibitor that has been shown in phase

III controlled clinical trials to significantly reduce viral load
and increase CD41 cell counts in patients when used in com-
bination with RT inhibitors (16–18). This agent is currently
being widely prescribed as part of triple-drug combination
therapy for the treatment of HIV infection.

A critical aspect for the success of anti-HIV therapy using
protease inhibitors is to maintain plasma drug concentrations
at levels high enough such that the free drug concentrations,
i.e., unbound to plasma proteins such as a1-acid glycoprotein,
exceed what is necessary to significantly inhibit viral replica-
tion, as measured by, e.g., antiviral 90% effective concentra-
tions (EC90) (14). High and sustained drug concentrations
ensure the maximum suppression of viral replication and min-
imize the emergence of drug-resistant viral strains (3, 11, 12,
15). Working against the desired high drug concentrations is
the metabolic clearance of the protease inhibitors, which has
been shown to be the principal elimination route (2, 7, 9, 10,
13); in some instances, e.g., saquinavir, its clearance has been
shown to limit the clinical use of the agent (4, 10, 22, 23). In
other therapeutic areas, however, it is not uncommon for one
or more metabolites to be retained in the systemic circulation
and to contribute to or alter the pharmacological activity as-
sociated with the administration of the parent drug (25). Thus,
a series of studies were conducted to characterize nelfinavir
metabolites in plasma from healthy volunteers and HIV-posi-
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tive patients treated with nelfinavir mesylate. This report de-
scribes the results of these studies, including the structural
elucidation, determination of concentrations in plasma, and
antiviral activity testing of nelfinavir metabolites found in the
systemic circulation of humans.

MATERIALS AND METHODS

Materials. [14C]nelfinavir mesylate capsules (lot AG1343–598.18A) were man-
ufactured by Agouron Pharmaceuticals, Inc. Each capsule contained 75 mg of
nelfinavir mesylate, which included 9.89 mCi of [14C]nelfinavir mesylate and thus
afforded a specific radioactivity of 0.1355 mCi/mg or 76.83 mCi/mmol. [14C]nelfi-
navir mesylate was synthesized by Amersham International plc, Buckingham-
shire, United Kingdom (benzamide carbonyl-14C; batch CFQ9240; specific ac-
tivity 5 33.1 mCi/mg or 18,767.7 mCi/mmol; radiochemical purity 5 99.6%, as
determined by high-pressure liquid chromatography [HPLC]). Inactive ingredi-
ents in the capsules (hard gelatin, size 0, brown opaque) included the following:
Gelucire 44/14 (saturated polyglycolized glycerides); Imwitor 742 (mono- and
diglycerides); Cremophor EL (polyoxyl 35 castor oil, NF); propylene glycol, USP;
and ethanol, USP. Nelfinavir metabolites AG1365 (M1), AG1402 (M8),
AG1361A (M11), and AG1361B (M10) were synthesized by Agouron Pharma-
ceuticals. [14C]AG1402 mesylate was synthesized by Amersham International
(S-phenyl-U-14C; batch CFQ10100; specific activity 5 34.1 mCi/mg or 19,880.3
mCi/mmol; radiochemical purity 5 99.5%, as determined by HPLC). Scintillation
cocktail (Ultima-Gold) was purchased from Beckman Instruments, Inc. (Fuller-
ton, Calif.). Reagents used in the extraction and HPLC analysis of samples were
as follows: acetonitrile (AcN), methanol (MeOH), and formic acid (all of HPLC
grade; Fisher Scientific, Pittsburgh, Pa.). Human serum and plasma used in the
analytical assays and protein binding studies were obtained from Sigma Chemical
Co. (St. Louis, Mo.).

Studies with healthy volunteers. The volunteer single-dose radiolabeled nelfi-
navir study was conducted at GFI Pharmaceutical Services, Inc. (Evansville, Ind.)
according to Agouron Pharmaceuticals protocol AG1343–527. Briefly, four
healthy male volunteers were enrolled in this study. Each subject received 10
capsules of [14C]nelfinavir mesylate (750-mg and 98.9-mCi total doses) orally with
12 oz of water within 10 min after the completion of a standard, low-fat breakfast.
Blood samples were drawn predose and postdose at 0.25, 0.5, 1, 1.5, 2, 2.5, 3, 4,
6, 8, 12, 24, 36, 48, 72, 96, 120, 144, and 168 h; plasma was obtained immediately
after centrifugation of the blood and stored at 220°C until analysis.

Metabolite identification. Plasma samples from each individual were pooled
between 2.5 and 4 h and between 6 and 8 h (1 ml each). Pooled samples were
slowly added to 3 volumes of a mixture of AcN and MeOH at 2:1 during
vortexing to precipitate plasma proteins. Upon centrifugation, protein pellets
were washed twice with 2 volumes of an AcN-MeOH (2:1) mixture. An aliquot
of the last wash (10% by volume) was checked for radioactivity and was found to
be near the background level. All extracts were combined, and an aliquot (5% by
volume) was used to count for radioactivity to calculate the extraction recovery.
The combined supernatants were evaporated to dryness under nitrogen at 40°C.
When dried residues were reconstituted in a water-AcN (80:20) mixture, they
were found to contain large amounts of lipid. Therefore, the samples were dried
again, resuspended in 5% trichloroacetic acid (TCA), and washed with hexane.
Neither the hexane wash nor the TCA layer contained significant radioactivity.
Therefore, the TCA supernatant was discarded and the residues were reconsti-
tuted in a water-AcN (80:20) mixture to afford a clear, lipid-free solution. Ex-
traction recovery averaged 53%, lower than expected, presumably due to the
additional cleanup steps required to remove the lipids. Aliquots of the reconsti-
tuted extracts were injected into an LC-MS/MS system for analysis.

The liquid chromatography tandem mass spectrometry (LC-MS/MS) instru-
ments were set up in the following sequence: an HPLC system (HP1090), a
narrow-bore column (Prodigy ODS2; 2 by 150 mm), a radiochemical detector
(Ramona 92 with a 110-ml solid cell), and a triple-quadrupole mass spectrometer
(VG Quattro I) using an electrospray interface. The mobile phase contained
0.1% formic acid (A) and AcN (B). Gradient elution was programmed linearly
from 10 to 50% B over 30 min at a flow rate of 300 ml/min. Mass spectrometer
conditions were set as follows: cone voltage 5 55 V, source temperature 5
100°C, collision energy 5 40 eV, and positive ion detection mode. To obtain
molecular ion information, the mass spectrometer was operated in MS scan
mode (m/z 200 to 1,000); to obtain structural information, the instrument was
operated in MS/MS (daughter ion) scan mode and the multiple selective reaction
monitoring (MRM) detection mode. The scan rate was set at approximately 500
atomic mass units (AMU)/s, and a dwell time of 0.2 s was allocated for each
MRM channel.

Total radioactivity in plasma and red blood cells. Aliquots (1 ml) of plasma
samples in duplicate were mixed with 15 ml of scintillation cocktail and analyzed
directly by liquid scintillation counting (LSC). Red blood cell samples were
homogenized by stirring with a spatula, and duplicate aliquots (approximately
0.25 g) were combusted in a Packard Oxidizer and analyzed by LSC. The total
radioactive material in each sample was converted to micromolar equivalents of
[14C]nelfinavir using a specific activity of 76.83 mCi/mmol.

HPLC assay for the determination of nelfinavir in human plasma. Plasma
nelfinavir concentrations were determined by a published HPLC assay (27).
Briefly, nelfinavir and its internal standard [6,7-dimethyl-2,3-di-(2-pyridyl)qui-
noxaline] were extracted from 250 ml of human plasma with a mixture of ethyl
acetate and AcN (90:10, vol/vol). Chromatography was performed on a reverse-
phase C18 column, and the analytes were eluted with an isocratic mobile phase
consisting of 58% phosphate buffer (25 mM; pH 3.4) and 42% AcN. Nelfinavir
and the internal standard were detected via UV at 220 nm. The assay was
validated under Good Laboratory Practice (GLP) compliance over a concentra-
tion range of 30 to 10,000 ng/ml and was conducted at PPD Pharmaco, Rich-
mond, Va.

Studies with HIV-positive patients. Studies with HIV-positive patients were
conducted according to Agouron Pharmaceuticals protocol AG1343–503. Ten
patients receiving nelfinavir mesylate therapy (750 mg three times per day [TID])
were involved in the study. Blood samples were drawn on days 1 and 28 predose
and postdose at 0.5, 1, 1.5, 2, 3, 4, 5, 6, and 8 h. Plasma was obtained immediately
after centrifugation of the blood and stored at 220°C until analysis.

LC-MS/MS assay for the simultaneous determination of nelfinavir and two
metabolites in human plasma. Concentrations in plasma of nelfinavir and its
metabolites were determined by a validated LC-MS/MS assay. Briefly, an aliquot
(100 ml) of plasma was spiked with the internal standard (reserpine), adjusted to
pH 10.5 with NH4OH, and extracted with a mixture of ethyl acetate and AcN
(90:10, vol/vol). The extracts were evaporated to dryness, the residues were
reconstituted in 200 ml of the mobile phase, and an aliquot (15 ml) was analyzed
by LC-MS/MS.

The LC-MS/MS system consisted of an HP1090 HPLC system interfaced with
a PE Sciex API III1 triple-quadrupole mass spectrometer using Turbo IonSpray.
Chromatography was performed on a reverse-phase C8 column (Javelin, 5 mm, 2
by 20 mm; Keystone Scientific) at ambient temperature using an isocratic mobile
phase containing 75% AcN and 25% aqueous formic acid (0.1%) at a flow rate
of 250 ml/min. Analytes were detected by MS/MS operating under MRM mode
as follows: m/z 568.43330.2 for nelfinavir at approximately 2.7 min, m/z
598.43360.2 for M1 at approximately 2.7 min, m/z 584.33467.0 for M8 at
approximately 2.0 min, and m/z 609.23397.4 for the internal standard (reser-
pine) at approximately 2.5 min.

Ratios of the peak areas of the analytes to those of the internal standard were
used for quantitation, and the calibration curves were obtained by use of Mac-
Quan software (PE Sciex) with least-squares linear regression analysis and
weighted (1/concentration2) data. The equations obtained from the calibration
curves were then used to calculate the concentration of each analyte in unknown
and quality control samples.

The LC-MS/MS assay was validated with human plasma for nelfinavir, M1,
and M8 over the concentration ranges of 20 to 3,000 ng/ml, 1 to 1,000 ng/ml, and
1 to 2,000 ng/ml, respectively. The validation process included six calibration
curves analyzed over 3 days, during which the intra- and interday precision and
accuracy of the assay were assessed with plasma quality control samples prepared
at low, middle, and high concentrations (six samples at each level for each day).
The stability of the analytes was tested by subjecting the plasma to three freeze-
thaw cycles and storage at room temperature for 24 h. Assay validation and
sample analyses were performed under GLP compliance at Covance Laborato-
ries, Inc., Madison, Wis.

Pharmacokinetic parameters for studying AG1343–503 were obtained by non-
compartmental analysis using the PCNONLIN program (Scientific Consulting
Inc., Apex, N.C.) and included the following output: observed time to maximum
concentration (Tmax), observed maximum concentration (Cmax), observed mini-
mum concentration (Cmin), and the area under the plasma concentration-time
curve (AUC) from 0 to 8 h (AUC0–8). Statistical comparisons were made using
Student’s paired t test.

Antiviral activity assay. Antiviral activities of nelfinavir metabolites were de-
termined with CEM-SS and MT-2 cell lines infected with HIV type 1 (HIV-1)
strains RF and IIIB, respectively. Both strains of virus were obtained from the
AIDS Research and Reference Program, Division of AIDS, National Institute of
Allergy and Infectious Disease, National Institutes of Health. The inhibitory
effects of each agent on HIV-1 replication were measured by the microculture
tetrazolium (MTT) dye reduction method (1). Test compounds were dissolved in
dimethyl sulfoxide at a concentration of 40 mg/ml and then diluted 1:200 in

VOL. 45, 2001 NELFINAVIR METABOLITES IN HUMAN PLASMA 1087



culture medium. From each diluted stock, an aliquot (100 ml) was added to a
96-well plate, and serial half-log dilutions were prepared. In separate tubes,
MT-2 cells and CEM-SS cells were infected with HIV-1 IIIB or HIV-1 RF at
multiplicities of infection of 0.01 and 0.03, respectively. Following a 4-h adsorp-
tion period, 100-ml aliquots of infected or uninfected cells were added to the
wells of the drug-containing plate to give a final concentration of 104 cells/well.
Six (CEM-SS cells) or 7 (MT-2 cells) days later, MTT (5 mg/ml) was added to
test plates, and the amount of formazan produced was quantified spectrophoto-
metrically at 570 nm. Data were expressed as the percentage of formazan pro-
duced in drug-treated cells compared to that in control cells (uninfected, drug
free). The EC50 was calculated as the concentration of drug that increased
formazan production in infected, drug-treated cells to 50% that in control cells
(uninfected, drug free). Cytotoxicity (TC50) was calculated as the concentration
of drug that decreased formazan production in uninfected, drug-treated cells to
50% that in control cells (uninfected, drug free). The therapeutic index (TI) in
these cell lines was calculated by dividing the TC50 by the EC50.

Human serum protein binding. Human serum protein binding experiments
were conducted using commercially obtained human serum in Teflon dialysis
chambers (Spectrum Medical Industries, Inc., Houston, Tex.), each of which was
separated into two compartments by a dialysis membrane with a molecular
weight cutoff of 3,500. Radiolabeled nelfinavir or radiolabeled M8 was preincu-
bated with human serum at room temperature for approximately 1 h, and then
an aliquot (0.8 ml) of the spiked serum was placed in one side of the dialysis
chamber. The opposite side of the dialysis membrane was filled with an equal
volume of phosphate buffer (0.13 M; pH 7.4). The test materials were allowed to
equilibrate overnight (approximately 16 h) at 37°C with continuous end-over-end
mixing; thereafter, an aliquot (0.65 ml) from each side was used for counting by
LSC. The fraction of unbound test material was calculated by dividing the
radioactivity (in disintegrations per minute) on the buffer side by that on the
serum side and multiplying the result by 100%. Two experiments with triplicate
measurements were performed at each concentration. To ensure that equilib-
rium was reached after 16 h, control experiments were carried out with dialysis
chambers in which either buffer or serum was placed on both sides. Statistical
comparisons were made using Student’s two-sample t test.

RESULTS

Disposition of [14C]nelfinavir in human plasma. Following
a single oral dose of [14C]nelfinavir to healthy subjects, the
majority of radioactivity in plasma could be accounted for by

the parent drug, as shown in Fig. 1. The AUC for nelfinavir
represented 83% of that for total radioactivity; presumably, the
remainder was attributable to nelfinavir metabolites. Red
blood cells were found to contain very little radioactivity (data
not shown).

Structural identification of nelfinavir metabolites. Due to
the low level of radioactivity administered to the human sub-
jects, no discrete radioactive peak could be detected in the
plasma samples by a flowthrough radiochemical detector. Nev-
ertheless, total ion chromatograms (TIC) (m/z 200 to 1,000) of
plasma samples from all four subjects showed two distinct
peaks: (i) the more abundant peak at approximately 21.9 min,
for which a full-scan mass spectrum displayed a major ion at
m/z 568 and a minor ion at m/z 598, and (ii) a less abundant
peak at 18.2 min, for which a full-scan mass spectrum displayed
a major ion at m/z 584. A representative sample from subject
M01 (6- to 8-h pool) is illustrated in Fig. 2, which shows TIC
and reconstructed ion chromatograms (RIC) at m/z 568, 584,
and 598. These ions correspond to the protonated molecules
(MH1) of nelfinavir and two metabolites with increases in
molecular weight of 16 amu (M8) and 30 amu (M1), respec-
tively. M8 was a more polar metabolite, as it eluted earlier than
nelfinavir on the reverse-phase column; M1 coeluted with
nelfinavir. Also noticeable in the TIC were a series of peaks
eluting between 10 and 15 min with a set of ions between m/z
379 and m/z 775 in 44-amu increments (data not shown); these
peaks were believed to arise from polymeric excipient materi-
als in the drug formulation.

The product ion mass spectrum of the ion at m/z 568 con-
firmed that it was the parent drug nelfinavir (Fig. 3a). Al-
though a clean product ion spectrum could not be obtained for
M1 at m/z 598 due to its low abundance, the LC-MS/MS MRM
trace at m/z 5983360 indicated that this metabolite was 39-

FIG. 1. Mean levels of total radioactivity and nelfinavir concentrations in plasma of healthy male volunteers (n 5 4) following a 750-mg oral
dose of [14C]nelfinavir mesylate.
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methoxy-49-hydroxynelfinavir, previously identified from rat
bile by LC-MS/MS and nuclear magnetic resonance analysis
and confirmed by comparison with the authentic standard,
AG1365 (data not shown). The product ion mass spectrum of
the ion at m/z 584 is shown in Fig. 3b; all three key fragment
ions from the parent drug were preserved, specifically at m/z
135, 330, and 467. These mass spectral features indicated that
this metabolite was modified with a hydroxy group on the
t-butamide group, and it was designated M8. The identity of
M8 as nelfinavir hydroxy-t-butamide was confirmed later with
the authentic standard, AG1402.

In addition to M1 and M8, two S-oxides of nelfinavir (M10
and M11) were detected in trace amounts by the LC-MS/MS
MRM trace at m/z 5843251; these spectral features matched
the authentic S-oxide standards (AG1361B and AG1361A, re-
spectively).

In vitro antiviral activity of nelfinavir metabolites. The an-
tiviral activity and cytotoxicity of nelfinavir and its plasma me-
tabolites were tested with CEM-SS cells infected with HIV-1
strain RF and MT-2 cells infected with HIV-1 strain IIIB; the
results are summarized in Tables 1 and 2. In HIV-1-infected
CEM-SS cells (Table 1), the EC50 for nelfinavir and metabolite
M8 (AG1402) were 30.1 and 34.2 nM, respectively. Interest-
ingly, M8 was less cytotoxic than nelfinavir to CEM-SS cells,
resulting in an almost threefold-higher TI in this assay. In
contrast, metabolite M1 (AG1365) showed EC50 fivefold
higher than those of nelfinavir. In HIV-1-infected MT-2 cells
(Table 2), the EC50 for nelfinavir was 60.2 nM and the corre-
sponding value for M8 (AG1402) was 85.6 nM. As in CEM-SS
cells, M8 was also less cytotoxic than nelfinavir in MT-2 cells,
resulting in an approximately sixfold-higher TI under these

experimental conditions. As in the CEM-SS cell assay, M1
showed much higher EC50 (11-fold) than nelfinavir. Thus, an
apparent similarity in antiviral activity was observed for nelfi-
navir and M8 (AG1402) against both HIV-1 RF and HIV-1
IIIB, whereas a 5- to 11-fold reduction in antiviral activity
relative to that of nelfinavir was observed for M1 (AG1365).
The data also indicated that M8 was less cytotoxic than either
nelfinavir or M1 in these in vitro cell-based assays.

Concentrations of nelfinavir metabolites in human plasma.
Concentrations of nelfinavir, M1, and M8 in plasma in humans
were simultaneously determined by an LC-MS/MS assay,
which was validated in the concentration ranges of 20 to 3,000
ng/ml, 1 to 1,000 ng/ml, and 1 to 2,000 ng/ml for the three
respective analytes. Over these concentration ranges, the assay
was linear and accurately measured the concentrations of all
three analytes within 10% deviation from the theoretical val-
ues; the reproducibility of the assay was within 15% for most
standards.

Plasma samples obtained on days 1 and 28 from 10 HIV-
positive patients who received nelfinavir mesylate therapy (750
mg TID) were analyzed by the LC-MS/MS assay, and the mean
plasma concentration-time curves are shown in Fig. 4. The
pharmacokinetic parameters calculated from these data are
summarized in Table 3. At steady state, the mean Cmax and
Cmin for nelfinavir were 4.96 and 1.73 mM, respectively. The
steady-state Cmax and Cmin for M8 were 1.96 and 0.55 mM, and
the corresponding values for M1 were 0.19 and 0.09 mM. Thus,
M8 is the major circulating metabolite following the adminis-
tration of nelfinavir to humans, as the AUC0–8 ratios of M8 to
nelfinavir ranged from 0.27 to 0.39. Statistical analysis of the
pharmacokinetic parameters (AUC0–8 h and Cmax) between

FIG. 2. LC-MS traces of a representative pooled (6- to 8-h) plasma sample from a healthy volunteer after administration of a 750-mg oral dose
of nelfinavir mesylate. (a) TIC; (b to d) RIC.
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days 1 and 28 did not show any significant differences (Table
3); therefore, repeat administration of nelfinavir does not ap-
pear to induce its own metabolism, nor does there appear to be
unexpected accumulation of either the parent drug or its me-
tabolites.

Binding of nelfinavir metabolites to human serum proteins.
Binding of nelfinavir and the active metabolite M8 to human
serum proteins was determined in vitro by equilibrium dialysis,
and the results are reported in Table 4. The metabolite showed
a slightly lower degree of binding to human serum proteins
than the parent drug, especially at the relevant therapeutic
concentration (2 mM). The experiment was also performed in
a competitive fashion to mimic the in vivo situation, where
both nelfinavir and M8 were present; the results did not show
any significant increase in the percentage of unbound nelfina-
vir in the presence of up to 8 mM M8 or of unbound M8 in the
presence of up to 8 mM nelfinavir (data not shown).

DISCUSSION

Following oral administration of nelfinavir mesylate to ei-
ther healthy volunteers as a single dose or to HIV-infected
patients as multiple doses, nelfinavir was the major circulating
species in plasma, with several metabolites as minor compo-
nents. The most abundant circulating metabolite, M8
(AG1402), involved the hydroxylation of nelfinavir on the t-
butylamide group, and the less abundant metabolite M1
(AG1365) presumably resulted from 49-hydroxylation on the
benzamide moiety to form a catechol intermediate followed by
methylation at the 39 position. Sulfur oxidation of nelfinavir
afforded two diastereomers (M10 and M11) in approximately
equal abundances; however, both were present at such low
levels that they were barely detectable by even the most sen-
sitive mode of LC-MS/MS detection. Other biotransformation
products involving hydroxylation of various structural moieties
on the drug molecule were not detected in human plasma,
although some were found as major metabolites in feces as well

FIG. 3. Product ion mass spectra of nelfinavir (a) and M8 (b).

TABLE 1. Antiviral activity and cytotoxicity of nelfinavir and its
metabolites in acute infection of CEM-SS cells with HIV-1 RFa

Compound EC50 (nM) TC50 (mM) TI

Nelfinavir 30.1 28.9 960
M1 (AG1365) 150.8 26.1 173
M8 (AG1402) 34.2 96.6 2,825

a Antiviral efficacy was determined by measuring MTT reduction 6 days after
infection. Results represent the mean of two experiments.

TABLE 2. Antiviral activity and cytotoxicity of nelfinavir and its
metabolites in acute infection of MT-2 cells with HIV-1 IIIBa

Compound EC50 (nM) TC50 (mM) TI

Nelfinavir 60.2 11.1 184
M1 (AG1365) 653.3 13.3 20
M8 (AG1402) 85.6 92.6 1,082

a Antiviral efficacy was determined by measuring MTT reduction 7 days after
infection. Results represent the mean of two experiments.
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as in human liver microsomal in vitro studies (26, 28). Figure 5
summarizes the biotransformation pathways that lead to the
two main circulating metabolites in human plasma.

Having identified these metabolites in human plasma sam-
ples, we synthesized authentic standards to confirm their iden-
tity, to test for antiviral activity, and to use as analytical stan-
dards for their quantitative determination in human plasma.
Subsequently, it was found that one of the metabolites, M8,
exhibited antiviral activity similar to that of the parent drug in
cell protection assays in vitro. Subsequent computer modeling
experiments conducted at the Crystallography Department at
Agouron Pharmaceuticals suggested that the hydroxy-t-butyl
group of M8 can form an additional hydrogen bond with as-
partate 30 of the HIV protease enzyme; however, this gain in
binding energy could be offset by desolvation of the same
hydroxy group while it gains access to the active site of the
protease enzyme. This interpretation is consistent with the
observation that M8 and nelfinavir exhibit similar in vitro an-
tiviral activities.

Equilibrium dialysis studies indicated that the binding of M8
to human serum proteins was 97.6 to 97.9%, a value compa-
rable to that of nelfinavir (98.3 to 98.6%). Therefore, the
metabolite M8 apparently has antiviral activity similar to that
of the parent drug nelfinavir. Further in vitro experiments may
be necessary to demonstrate any additive, synergistic, or an-

tagonistic relationship that may exist between nelfinavir and
M8.

Quantitative analysis of nelfinavir metabolites in the plasma
of HIV-infected patients indicated that the active metabolite
M8 reached significant levels, such that at steady state, the
Cmax and Cmin ratios of M8 to nelfinavir were 0.43 and 0.34,
respectively, and the corresponding AUC0–8 ratio was 0.39. In
contrast, the less active metabolite, M1, was present at much
lower levels, such that at steady state, the Cmax and Cmin ratios
of M1 to nelfinavir were 0.04 and 0.05, respectively, and the
corresponding AUC0–8 ratio was 0.05.

Ritonavir is the only other HIV protease inhibitor that has
been reported to form an active metabolite (M2), although it is
present at low levels in HIV-infected patient plasma (9). Thus,
nelfinavir is unique among the marketed HIV protease inhib-
itors in that it is the only agent that produces an active metab-
olite at levels in plasma which are significant enough to con-
tribute to the overall antiviral activity.

The success of chemotherapy for HIV infection is highly
dependent on the maintenance of drug levels. The mainte-
nance of adequate levels of an antiviral agent is critical to
achieving maximal viral suppression and to minimizing the
emergence of drug-resistant strains. During nelfinavir treat-
ment, due to the presence of appreciable levels of the active
and potentially equipotent metabolite M8, measurement of

FIG. 4. Concentrations of nelfinavir, M1, and M8 in plasma following administration of a single oral dose (day 1) and multiple oral doses (day
28) of nelfinavir mesylate (750 mg TID) to 10 HIV-positive patients. Data are means 6 standard deviations.

TABLE 3. Pharmacokinetic parameters for nelfinavir and its metabolites in 10 HIV-positive patients
receiving nelfinavir treatment at 750 mg TIDa

Day Drug Cmax (mM) Tmax (h) AUC0–8 (mM z h) Cmin (mM)

1 Nelfinavir 5.04 6 2.56 3.9 6 1.7 23.2 6 10.7
M1 0.24 6 0.13 (0.05) 5.7 6 1.8 1.02 6 0.54 (0.04)
M8 1.73 6 1.62 (0.33) 5.5 6 1.6 6.62 6 7.15 (0.27)

28 Nelfinavir 4.96 6 2.22 2.9 6 1.0 24.5 6 10.2 1.73 6 1.05
M1 0.19 6 0.10 (0.04) 3.4 6 1.4 1.11 6 0.65 (0.05) 0.09 6 0.07 (0.05)
M8 1.96 6 1.10 (0.43) 3.4 6 1.4 9.04 6 4.87 (0.39) 0.55 6 0.37 (0.34)

a Data are presented as means and standard deviations. Statistical comparisons for all corresponding values on days 1 and 28 did not show any significance differences.
Numbers in parentheses are the mean ratio of the concentration of a metabolite (M1 or M8) to that of nelfinavir, measured in the same patient.
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nelfinavir levels alone may underestimate the antiviral effects
of this agent. The findings from the current study suggest that
the active metabolite may account for some of the antiviral
activity associated with nelfinavir in the treatment of HIV
disease.

Results from analyses of the metabolites excreted from
healthy human subjects indicated that hydroxylation of t-butyl-
amide is one of the three major metabolic pathways responsi-
ble for the clearance of nelfinavir (28). In vitro experiments
using human liver microsomes and cDNA-expressed cyto-
chrome P450 (CYP) isoforms have shown that CYP2C19 is
responsible for the formation of M8, whereas CYP3A4 medi-
ates two other prominent metabolic pathways for nelfinavir
(26). CYP2C19 is a genetically polymorphic enzyme; 2% of the
Caucasian population and 20% of the Asian population are
poor metabolizers (21). In the case of nelfinavir metabolism, a
phenotypically poor metabolizer of CYP2C19 who forms little
or no M8 will likely exhibit elevated parent drug concentra-
tions because M8 formation is an important elimination path-

way for the drug. However, since the two chemical species are
apparently similar with respect to antiviral activity, the overall
antiviral efficacy would not be expected to change significantly
due to alterations in this CYP2C19-mediated metabolic path-
way. This hypothesis has been confirmed clinically in that no
significant differences were observed in the antiviral responses
achieved in two groups of patients likely to be poor and exten-
sive CYP2C19 metabolizers who formed little or no M8 and
appreciable levels of M8, respectively (H. M. Zhang, Y. K.
Pithavala, C. A. Lee, J. H. Lillibridge, E. Y. Wu, T. M. San-
doval, R. G. Daniels, and B. M. Kerr, Abstr. 12th Int. Symp.
Microsomes Drug Oxidations, abstr. 264, 1998).
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